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Introduction Methods
Several studies have shown that the signal-averaged PATIENTS electrocardiogram can identify patients with a propensity to malignant ventricular arrhythmias' 1 , acute myocardial infarction without sustained ventricuHowever, there have been few studies on the value of lar tachycardia, who were followed-up for 2 years and 20 beat-to-beat high-resolution electrocardiogTaphy in risk healthy volunteers. Twenty-four ventricular tachycardia stratification' 6 ' 9 u) . The aim of this study was to calcu-patients had a history of previous myocardial infarction late the different parameters of high resolution and (17 anterior, seven inferior) and the two remaining signal-averaged recordings at various high-pass filter patients had pathological Q-waves in the 12-lead ECG, settings and to optimize their ability to distinguish suggesting remote myocardial infarction. Six patients between post-infarction patients with and without had also experienced ventricular fibrillation. Forty-eight ventricular tachycardia.
myocardial infarction patients had anterior infarcts and 56 had inferior infarcts.
The clinical variables, left ventricular ejection fraction e . . , .... ." . Ant. = anterior; EPS = electrophysiological study; Inf. = inferior; LVEF=left ventricular ejection fraction; Mi-no VT = postmyocardial infarction without ventricular tachycardia; NSVT= non-sustained ventricular tachycardia; MI-VT = post-myocardial infarction with documented sustained ventricular tachycardia. tachycardia patients were significantly older (60 ± 10 vs 52 ± 8 years, />=0-0002), had lower left ventricular ejection fraction (35 ± 13 vs 48 ± 11%, P<00001), and more often had anterior infarction (71% vs 46%, />=0O08) and non-sustained ventricular tachycardia on a 24-h ambulatory electrocardiogram (50% vs 10%, / ) <00001), than the MI patients. The rate of the first episode of spontaneous ventricular tachycardia (VT) in the VT patients was 190 beats . min ~' (range from 140 to 250). No VT patient was under antiarrhythmic therapy during the first VT episode. The following stimulation protocol was used: two right ventricular stimulation sites (apex and outflow tract), two driving cycle lengths; 600 ms and 400 ms, and up to three extrastimuli with 10 ms decrements. Sustained ventricular tachyarrhythmia was inducible in 78% of ventricular tachycardia patients. Programmed ventricular stimulation was only performed in post-myocardial infarction patients with a history of sustained VT.
Healthy subjects had a normal cardiac history, physical examination and standard 12-lead ECG. They were all men aged 23-49 years (mean 34). the superior aspect of the manubrium and on the left iliac crest. The electrodes for the Z lead were located at the fourth intercostal space (V 2 position) with the second electrode directly posterior on the left side of the vertebral column. Positive electrodes were left, inferior and anterior.
The signals were amplified with an 8-channel custom made battery powered preamplifier. The instrumental noise was <1 uVp_ p (005-300 Hz) [12] . After amplification, a pass-band analog filtering of 005 to 300Hz was used in order to minimize the baseline drift and to enable the higher frequency content of the signals to be studied. The signals were transferred out of the shielded room and a 14 to 16-bit analog to digital conversion was made. The sampling frequency was 2000 Hz. The duration of the recording was 2 min. The digitized data were stored on a 20 MB hard disk. The unfiltered signals could be plotted from the hard disk with a highresolution thermal plotter using desired amplification. A block diagram of the measurement set-up is shown in Fig. 1 .
HIGH-RESOLUTION ECG RECORDING
High-resolution electrocardiograms were recorded in an electrically shielded room, in which the walls were covered with 5 mm copper-plate. Low-noise, disposable, pregelled silver-silver chloride electrodes (Medicotest, Denmark) were used. At the beginning of the recording session, special attention was paid to the patients' comfort and relaxation. They were asked to lie still but relaxed and not to move during the recording. No special instructions concerning breathing were given. All patients were studied at least 5 plasma concentration half times after cessation of antiarrhythmic agents. The skin was carefully abraded and cleansed with medical benzin. Three conventional bipolar X, Y and Z uncorrected orthogonal leads were used 121 . The electrodes for the X lead were positioned at the fourth intercostal space in both mid-axillary lines, and for the Y lead on DATA PROCESSING Signal-averaging was performed off-line with a HP 1000 minicomputer (Hewlett-Packard, U.S.A.). We used an averaging program developed in our laboratory; it is based on cross-correlation and contains automatic artefact and extrasystole rejection and noise detection. First, a section of 512 ms (1024 data points) from each cardiac cycle was selected using a QRS trigger. Recorded signals were viewed visually by the operator, beat-tobeat through the whole recording, on a high-resolution video screen. An operator-chosen beat, with low noise but with the typical morphology, was used as a template. After rejecting artefacts and noisy beats, the program found the maximum correlation for every beat, and finally averaged a chosen number of beats, with the lowest noise, the smallest maximum deviation and the highest correlation. The template beat was used in real time (here called non-averaged) analysis. With 32 to 64 beats used for averaging in this study, the mean root mean square noise level was 0-9 uV and in real time recordings 4-5 uV at the 25 Hz high-pass filter setting. The noise level was measured over an interval of 40 ms in the ST segment.
FILTERING
Different digital niters were tested for high-pass filtering of the recorded signals. Four finite impulse response (FIR) filters and 17 infinite impulse response (IIR) high-pass filters of different types were used in the tests. The IIR high pass filters were found to be more accurate than the corresponding FIR filters when applied to a simulated QRS complex with and without a 60 ms period of a 30 or 50 Hz signal superpositioned at its descent. The filters were applied to time inverted data in order to minimize the sidelobe effect due to the large QRS peak just preceding the microsignals at the end of the QRS complex. The Chebysev type IIR filter was chosen instead of the commonly used Butterworth type because it has a narrower transition band and is therefore more optimal for the comparison of different cut-off frequencies. Finally, automatic bidirectional high-pass filtering was performed using high-pass cut-off frequencies of 25, 40, 60, 80 and 100 Hz. The composite QRS complex was formed by taking 40 ms, but at the maximum half of the QRS complex, from normally filtered data, and the rest of the QRS (and the end) from time-inverted filtered data.
VECTOR MAGNITUDE
The filtered A, Y and Z ieads wcic combined into the vector magnitude Vx 2 + Y 2 + Z 2 (the filtered QRS complex) 121 . All the parameters were calculated from the filtered QRS complex.
QRS ONSET AND OFFSET DETECTION AND QRS DURATION
The QRS onset and offset points were automatically defined by a computer algorithm. The QRS onset was determined as the point where the amplitude of the signal exceeds the averaged root-mean-square voltage noise level, plus twice the standard deviation, measured during a time interval of 20 ms before the QRS complex. QRS offset was determined as the point where the amplitude of the signal exceeds the averaged rootmean-square voltage noise level, plus twice standard deviation, measured during a time interval of 40 ms beginning about 60 ms after the QRS complex in the ST segment. The duration of the QRS complex was automatically computed using these time points.
ROOT-MEAN-SQUARE VOLTAGE
Root-mean-square voltage of the 10, 20, 30, 40, 50, and 60 ms intervals from the initial QRS complex and of the 20, 30, 40, 50 and 60 ms intervals from the terminal QRS complex were calculated.
LOW-AMPLITUDE SIGNAL
The duration of signals under 10,20, 30,40 and 50 uV from the initial QRS complex and under 10, 20, 30, 40, 50 and 60 uV from the terminal QRS complex were calculated.
STATISTICAL METHODS
Unpaired t-test was used for comparison of continuous variables between different groups. The sensitivity and specificity of every parameter and filter alone and in all and7or combinations of two, three and four parameters were calculated. All distributions were tested with Shapiro-Wilk's test for normality and corrected with natural logarithm, when necessary. Logistic regression was used to compare the ability of the different electrocardiographic and clinical parameters to separate ventricular tachycardia patients. All numerical values are presented as mean ± standard deviation or range. The statistical significance was considered with /'-values lower than 0-05. Table 3 presents the signal-averaged parameters, with the highest level of significance between the ventricular tachycardia and myocardial infarction groups in univariate analysis at different filter settings. The filtered QRS duration for both the ventricular tachycardia anu myocardial infarction group showed a decrease as the high-pass filter frequency was increased, the changes being more pronounced at lower (25 to 40 Hz) than higher (60 to 100 Hz) cut-off frequencies. The filtered QRS duration was longer at all cut-off frequencies in the ventricular tachycardia group than in the myocardial infarction group (in each case /><0001). There was a progressive decrease in the terminal root-mean-square voltages, from 25 to 100 Hz cut-off frequency, the values of the ventricular tachycardia group being lower throughout. The root-mean-square voltage of the terminal 60 ms differed most significantly between ventricular tachycardia and myocardial infarction groups at all cut-off frequencies but 100 Hz, where the commonly used root-mean-square voltage of the terminal 40 ms gave the best result.
Results

FILTERED QRS DURATION, ROOT-MEAN-SQUARE VOLTAGE AND LOW AMPLITUDE SIGNAL DURATION
From the terminal parameters, the duration of lowamplitude signals <60 uV (25 and 40 Hz), <40uV (40 Hz) and <30uV (80 and 100 Hz) were found to differ most significantly in comparison between the patient groups. However, it should be noted that at higher cut-off frequencies there were some patients whose maximum amplitude of the QRS was under the tested limit value for the low amplitude signals, a phenomenon that has already been reported by Caref et al. m . From the initial root-mean-square parameters, the most significant differences proved to be in the rootmean-square voltage of the initial 60 ms (25 and 40 Hz) and the root-mean-square voltage of the initial 40 ms (60 and 100 Hz), and from the initial low amplitude signal parameters the durations of low amplitude signals <50nV (40 Hz), <40uV (60 and 100 Hz) and <30uV (80 Hz). At 25 Hz, the durations of the initial low amplitude signals were not significantly different in the post-myocardial infarction patients with and without VT.
SELECTION OF CUT-OFF VALUES
The values of all the parameters were tested for normal distribution with the Shapiro-Wilk's test for normality. The original unconnected values were used in the analysis, but if logarithmic correction brought the distribution closer to normal, this corrected distribution was used for further analysis.
The sensitivity of a parameter combination depends on the sensitivity of each single parameter in this combination. In order to reach clinically satisfactory sensitivity in parameter combinations, we found the cut-off point, with a mean ± 1 SD, derived from the parameters calculated from the post-MI patients with VT, which in ideal cases leads to 85% sensitivity in single parameters. The cut-off point values for the QRS duration and low amplitude signal were defined as mean -1 standard deviation and the cut-off point values of root-mean-square were obtained as mean +1 standard deviation. The cut-off point values derived from normals or from post-MI patients without VT were far from optimal in their ability to separate patients with and without ventricular tachycardia. This can be seen in Table 2 where the commonly used signal-averaged parameters calculated from all three patient groups are listed. Table 4 shows the 20 parameters with the highest sum of sensitivity and specificity (both for averaged and non-averaged data) in the analysis of each of the 120 parameters alone. The filtered QRS durations proved to have the best specificities, ranging from 61 to 69% over all cut-off frequencies. The highest specificity values for root-mean-square and low amplitude signal parameters, ranging from 31 to 45%, were found at filter settings of 60 to 100 Hz. The most represented filter settings in this top 20 were 60 Hz and 80 Hz. The parameters computed from the initial QRS complex had a high sensitivity (88-96%) but a rather low specificity (31-39%). It should be emphasized here that these are the results obtained after defining the ideal initial sensitivity of 85% to which the corresponding specificity was calculated. If every single parameter was optimized individually by searching for the best possible cut-off point (maximum sum of sensitivity and specificity) the results could change. 81  81  81  81  81  77  77  88  81  85  88  88  85  85  85  96  88  92  81  88  96   Specificity   69  66  64  63  59  62  61  50  53  48  45  42  44  43  42  31  39  34  44  37  29   Sum   150  147  145  144  140  139  138  138  134  133  133  130  129  128  127  127  127  126  125 125 125 a = signal-averaged; b = initial QRS; DUR=duration of the vectormagnitude QRS complex; e = terminal QRS; LAS = low-amplitude signal; r=high-resolution; RMS=root mean square.
SENSITIVITY AND SPECIFICITY OF SINGLE PARAMETERS
SENSITIVITY AND SPECIFICITY OF PARAMETER COMBINATIONS
Altogether, the diagnostic performance of 17 million different parameters and parameter combinations were computed. At first, pairs of parameters were formed and tested. If either of the two parameters was above the defined limit, the patient was classified to the post-MI without VT group. The averaged and non-averaged data were analysed separately. All top 21 pairs, with sensitivity + specificity ^152%, are listed in Table 5 . Naturally, compared to single parameters, the sensitivity decreased but the specificity increased. The highest sum value of 156% was reached by three different pairs: the filtered QRS duration (25 Hz) and the filtered QRS duration (60 Hz); the filtered QRS duration (25 Hz) and the duration of the terminal low amplitude signal <30 uV (80 Hz); and the filtered QRS duration (25 Hz) and the duration of the terminal low amplitude signal <40 uV (80 Hz). The filtered QRS duration (25 Hz) was 19th in the top 21 pairs. The root-mean-square and low amplitude signal parameters with the highest totals were mainly from the terminal QRS. The best pair at one filter setting (25 Hz) was the filtered QRS duration and the duration of the terminal low amplitude signal <30uV, with a sensitivity of 81% and a specificity of 72%. The most frequently represented filter settings in pairs were again 25 Hz (the filtered QRS duration), 60 Hz and 80 Hz. Combinations of three different parameters were then computed. The specificity still increased compared to combinations of two parameters with almost no loss in sensitivity (Table 6 ). The highest sum value (sensitivity+specificity) was 159%. This was reached by three different combinations. All top 16 combinations include the filtered QRS duration at 25 Hz. Almost all root-mean-square and low amplitude signal values in the top combinations were from the terminal QRS complex. Only two combinations included one parameter from the initial QRS complex (the duration of the initial low amplitude signal <50 uV at 100 Hz). Analysing anterior and inferior infarcts separately did not improve significantly the performance of the parameters of the initial QRS complex. The most frequently represented filter settings were again 25 Hz, 60Hz and 80 Hz. The 40 Hz cut-off frequency was represented only as one parameter (the filtered QRS duration) in one combination. At the same filter setting (25 Hz) the best triplet included the filtered QRS duration, the duration of the terminal low <0001  <0O01  <0001  <0001  <0-001  <0001  <0001 0011 0019 a = signal-averaged; DUR = duration of the vectormagnitude QRS complex; e = terminal QRS; V LAS = low-amplitude signal; RMS = root mean square.
amplitude signal <30 uV and the root-mean-square COMPARISON OF SIGNAL-AVERAGED AND CLINICAL voltage of the terminal 60 ms with a sensitivity of 77% PARAMETERS and a specificity of 75%. We used logistic regression analysis in order to cornFinally, combinations of four parameters were pare the signal-averaged parameters and significant examined for their ability to separate post-myocardial clinical variables used in separating post-myocardial infarction patients with and without ventricular tachy-infarction patients with, from those without, ventricular cardia. The results marginally improved compared to tachycardia and also to rank the value of different combinations of three parameters. There were 12 com-signal-averaged parameters and parameter combinabinations with a sensitivity of 81% and a specificity of tions in this respect. The signal-averaged parameters and 79% ( Table 7) . The most frequently represented param-parameter combinations with the best diagnostic perforeters in these top combinations were the filtered QRS mance (best sensitivity and specificity) were separately duration (25 Hz), the root-mean-square voltage of the introduced into the logistic regression analysis together terminal 50 ms (25 Hz), the duration of the terminal with the univariately significant clinical variables (left low amplitude signal <40 |iV (80 Hz) and the duration ventricular ejection fraction, non-sustained ventricular of the initial low amplitude signal <50 uV (100 Hz). At tachycardia at Holter, age and infarct location). Table 8 the same filter setting (25 Hz), the best combination shows the impact of the different parameters and paramincluded the filtered QRS duration, the duration of the eter combinations, as improvements in Chi-square and terminal low amplitude signal <30 uV and <40 uV, P-value. The best diagnostic performance was obtained and the root-mean-square voltage of the terminal using the signal-averaged ECG with combinations of 50 ms with a sensitivity of 81% and a specificity of three or four parameters. If we used only one filter 74%.
setting, the results were not as good. In Table 9 the best combination of four parameters is calculated together with the clinical variables. The most powerful single discriminator of post-myocardial infarction patients with documented sustained ventricular tachycardia was the combination of signal-averaged ECG parameters (/><0001). The widely used combination of three parameters at the filter setting of 40 Hz (the filtered QRS duration, the root-mean-square voltage of the terminal 40 ms of the QRS and the duration of the terminal low amplitude signal <40 uV) was not so good in this comparison (P=0011).
NON-AVERAGED DATA
The best single parameter in the automatic analysis of non-averaged data was QRS duration at 100 Hz with a sensitivity of 81% and a specificity of 63%. Only one pair computed from non-averaged data could enter the top 21 pairs list in Table 4 (the filtered QRS duration at 100 Hz and the root-mean-square voltage of the terminal 30 ms of the QRS at 60 Hz; sensitivity 81% and specificity 71%). A combination of the filtered QRS duration (100 Hz), the duration of the initial low amplitude signal <40 uV (100 Hz) and the root-mean-square voltage of the terminal 30 ms of the QRS (60 Hz) had a reasonably good diagnostic performance: sensitivity of 81% and specificity of 75%. At the same filter setting (100 Hz) the best pair was the filtered QRS duration and the duration of the initial low amplitude signal <40 uV (sensitivity of 81%, specificity of 70%). The combinations of three or four parameters using non-averaged data did not provide any improvement compared to pairs.
Discussion
In our study a great number of parameters and their combinations was computed (about 17 million). This type of study, with systematic comparisons of highresolution and signal-averaged electrocardiographic parameters has not been reported so far. The majority of previous studies have concentrated on comparing different high-pass filter settings without testing the effects of the original parameters with different limits and cut-off points' 4 ' 8 ' 13 ' 141 . After computation, all the parameters were lined up according to their diagnostic ability (sensitivity and specificity) to separate post-myocardial infarction patients with, from those without, ventricular tachycardia. The actual parameter values, the univariate correlations and best parameter combinations in comparison to clinical variables, are reported.
THE DIAGNOSTIC PERFORMANCE
The maximal diagnostic performance, a sensitivity of 81% and a specificity of 79%, achieved in this study is satisfactory for clinical use. The dominant filter settings in top combinations were 25 Hz, 60 Hz and 80 Hz. Signal-averaging gave slightly better results than the analysis of non-averaged data. Both techniques were compared using quantitative automatic data processing. Combinations of three or four parameters achieved better results than single parameters or pairs of parameters. The root-mean-square voltages or durations of low amplitude signals of the initial QRS complex or the root-mean-square voltage of the total filtered QRS complex did not improve the diagnostic performance of the technique any further, whether used alone or in a combination. This was the case even when anterior and inferior infarctions were separately analysed. The use of longer terminal root-mean-square intervals (50 and 60 ms) yielded higher sensitivity and specificity values than the commonly used 40 ms interval.
The duration of the filtered QRS complex at 25 Hz was the most significant single parameter influencing the diagnostic performance of the technique. The value of the filtered QRS duration has been confirmed by most studies' 114 -191 but not by all' 4 -81 . However, the filtered QRS duration alone has been shown to predict independently ventricular tachycardia and sudden cardiac death after myocardial infarction' 20 ' 21 '.
THE EFFECTS OF HIGH-PASS FILTERING
In our study 25 Hz was the most dominant cut-off frequency, especially in the combinations of three or four parameters. In combinations, 60 Hz and 80 Hz were also often represented. In this study, the high-pass setting of 40 Hz was under-represented compared to what was reported in some other studies'
. As already shown by others, lower cut-off frequencies provide higher specificity but lower sensitivity' 41 . If parameters with high sensitivity (low amplitude signal and rootmean-square at higher cut-off frequencies) are combined with a parameter with a high specificity (the filtered QRS duration at lower frequencies), the resulting diagnostic performance is satisfactory (see Tables 2, 3 and 4) . Similar conclusions were made by Caref et a/.' 8 ' Moreover, our results imply that the best parameter combinations can be formed by using the single parameters at different filter settings in order to achieve the optimal sensitivity and specificity. By using high order Chebysev type IIR filters, narrow transition bands were obtained which enable more accurate comparison of different high-pass cut-off frequencies than is possible by using 4th order Butterworth filters, as in many other studies.
Our results show that the optimal time intervals (for root-mean-square) and amplitude threshold levels (for low amplitude signal) can vary from one high-pass cut-off frequency to another. In this study root-meansquare voltage calculated from the terminal 60 ms interval of the QRS complex was superior to the commonly used 40 ms interval. By 1983 Denes et al. had demonstrated that the root-mean-square voltage of the terminal 50 ms of the QRS at 40 Hz cut-off frequency was superior to the root-mean-square voltage of the terminal 40 ms both at 25 and 40 Hz 171 . In addition, higher amplitude threshold levels (60 uV) of low amplitude signals differed most significantly between postmyocardial infarction patients with and without ventricular tachycardia, although in combinations lower threshold values (30 and 40 uV) were more effective. However, it should be remembered that at high cut-off frequencies there are some patients (especially in the group of ventricular tachycardia) whose maximum amplitude of the filtered QRS complex is under the tested threshold value for low amplitude signals, a phenomenon already reported by Caref et al. 1 \
PARAMETERS OF THE INITIAL QRS COMPLEX
The contribution of parameters computed from the initial QRS complex have been studied very little so far. It has been shown that some ventricular tachycardia patients can have alterations only in the initial part of the QRS, especially after anterior infarction. In the study by Kienzle et al. the root-mean-square voltages of the initial 40-80 ms of the QRS were significantly lower in ventricular tachycardia patients than in myocardial infarction patients without ventricular tachycardia' 221 . Our results concur with these findings (Table 3) . As single parameters, the initial root-mean-square and low amplitude signal parameters provided high sensitivity but low specificity. However, they did not after all improve the diagnostic performance of the methods used either alone or in combinations. This was also true when anterior and inferior infarctions were analysed separately.
CUT-OFF POINT SELECTION
In most previous studies on the diagnostic performance of signal-averaged electrocardiography, cut-off values derived from normal healthy subjects have been used . We also tested cut-off values derived from normals, but they were far from optimal in their ability to separate post-myocardial patients with from those without ventricular tachycardia. We calculated the cutoff values from post-myocardial infarction patients with ventricular tachycardia which provided the best diagnostic performance. For clinical use, methods should be optimized for identification of patients at increased risk after myocardial infarction from those with good prognosis and not from the general population.
COMPARISON WITH OTHER STUDIES
Most studies reporting the diagnostic performance of high-resolution ECG techniques include heterogeneous patient material as far as the underlying organic heart disease is concerned 14 . Simson studied 82 patients with a prior Q wave myocardial infarction and with a history of spontaneous and/or inducible sustained ventricular tachycardia. The results of signal-averaged ECG were compared with results of 52 patients with a prior myocardial infarction but no sustained ventricular tachycardia. The best total predictive accuracy of 89% was found both at 25 Hz high-pass filter settings.
Using the criteria derived from normals, Gomes et al. found sensitivities of 22% (25 Hz; the filtered QRS duration <114 ms, root-mean-square voltage of the terminal 40 ms of the QRS >25 uV and the duration of the low amplitude signal below 40 uV <32 ms) and 48% (80 Hz; the filtered QRS duration <107 ms, root-meansquare voltage of the terminal 40 ms of the QRS> 17u.V and the duration of the low amplitude signal below 40 uV<42 ms), and specificities of 97% (25 Hz) and 90% (80 Hz) for the combination of three variables, when comparing different filter settings' 41 . In that study the patient material was heterogeneous, containing cases of cardiomyopathy and other forms of organic heart disease. The study was unusual in that only root-meansquare voltage of the terminal 40 ms of the QRS < 17 uV was used as a definition of late potentials, and they found a sensitivity of 88% and a specificity of 69% (80 Hz). Denes et al. reported a sensitivity and a specificity of 83% and 90%, respectively, for root-meansquare voltage of the terminal 40 ms of the QRS >20 uV at 40 Hz compared to 25 Hz values of 58% and 96% I7] . However, in that study they compared ventricular tachycardia patients with normals, and not with patients having organic heart disease without ventricular tachycardia. Coto et al. reported a study containing a heterogeneous material (non-sustained and sustained ventricular tachycardia and normals) showing optimal sensitivity and specificity at 50 Hz as opposed to 25 Hz" 41 . Some studies have also used inducibility of sustained ventricular tachyarrhythmias as an end-point. Caref et al. reported the best total predictive accuracy of 89% for inducibility in 80 patients with documented nonsustained ventricular tachycardia 181 . The patient material of this study was heterogeneous containing individuals with different organic heart diseases. The best total predictive accuracy for arrhythmia induction was achieved by 32 different parameter combinations, mainly of three parameters. The 40 Hz cut-off frequency was most frequently represented in the top combinations. In the study by Nalos et al., the reported sensitivity and specificity at 100 Hz for the induction of ventricular tachycardia were 93% and 94%, respectively 13 '. However, the measured values determining the presence of late potentials were obtained by visual inspection. Machac et al. reported a sensitivity of 85% and a specificity of 78% for root-mean-square voltage of the terminal 40 ms of the QRS <17 uV at 80 Hz and a sensitivity of 58% and a specificity of 88% for QRS duration > 114 ms at 25 Hz< 14] .
The choice of inducibility as a surrogate end-point can be critized. The correspondence of induced and clinical arrhythmias, especially in diseases other than coronary heart disease, is not always good . Arrhythmia mechanisms other than reentry can be more often represented in other cardiac pathologies. Moreover, in this type of approach the optimization of criteria is directed to inducibility, and not to proven presentation of the clinical arrhythmia.
ANALYSIS OF NON-AVERAGED DATA
In our study the low noise complexes chosen by the operator were processed identically to signal-averaged data. It is difficult to compare our results to the results of the few reports available about the diagnostic performance of the beat-to-beat technique (e.g. definition of late potential, visual analysis, different filtering, sensitivity and specificity not reported/ 6 . However, the noise reduction gained by averaging some 4-16 leads is only 2 to 4 times. This approach is also limited by torso size, electrode size, and the perimeter of the chest field having similar polarity. Zimmerman et al. used analog filtering with a high cut-off frequency (100 Hz), which causes a decrease in the noise but also a decrease in the signal of interest 191 . In addition, using analog filtering it is usually very difficult to avoid distortion of the signal due to the ringing effect. With individual criteria (the filtered QRS duration > 100 ms, root-mean-square voltage of the terminal 40 ms of the QRS <40 uV and the duration of the low amplitude signal below 40 uV >30 ms at 100 Hz) they reported a sensitivity of 93% and a specificity of 65% for identifying ventricular tachycardia patients. They used visual analysis for detecting the beats with the lowest noise and possible late potentials, which could, in part, explain the rather low specificity.
Recently Yang et al. have reported promising results using beat-by-beat techniques in the unshielded hospital environment'
101
. Special algorithms for non-averaged data, different types of filtering, and analysis of several consecutive beats might improve the diagnostic performance of the beat-to-beat technique.
Conclusions
In summary, the following conclusions can be drawn: (1) post-myocardial infarction patients with and without ventricular tachycardia were most reliably separated using a combination of three or four signal-averaged ECG parameters instead of single parameters or combinations containing only two parameters; (2) filtered QRS duration was the most important single variable, especially at 25 Hz filter setting; (3) initial root-meansquare and low amplitude signal parameters did not improve the results, compared with combinations containing QRS duration and root-mean-square and low amplitude signal parameters of the terminal QRS complex; (4) root-mean-square time intervals and amplitude thresholds for low amplitude signals should be adapted to the specific filter and its high-pass cut-off frequency. In this study longer intervals (50 and 60 ms), especially at higher cut-off frequencies, improved both the sensitivity and the specificity of the root-mean-square parameters compared to the commonly accepted interval of 40 ms; (5) in this study the identification of postmyocardial infarction patients with ventricular tachycardia was more successful using averaged data compared to non-averaged data; (6) the rather small number of post-myocardial infarction patients with ventricular tachycardia is a clear limitation of this study. On the other hand, the patient material is homogeneous, dealing only with one organic heart disease. Moreover, the end-point was documented sustained ventricular tachycardia, not induced or non-sustained. It is possible that the conclusions of this study might be somewhat different from other patient cohorts. Therefore these results should be confirmed by other studies. In order to evaluate the prognostic utility of the results of this study, the findings should be tested in large prospective postmyocardial infarction trials.
